In this work we propose a mechanism to explain the enhancement of the magnetic field-5 induced yield stress when nonmagnetic particles are added to magnetic particulate 6 suspensions -i.e., bi-component suspensions. Our main hypothesis is that the nonmagnetic 
I. INTRODUCTION
The fluid dynamics of particles suspended in a liquid -i.e., particulate suspensions-2 have been extensively studied in recent decades due to their multiple applications. Special 3 attention has been paid to diffusion, the process which governs the motion of the suspended 4 particles, either by controlling the particles' position (translational diffusion) or their 5 orientation (rotational diffusion) [1] . Typical fields where diffusion plays a crucial role are 6 self-assembly and rheology/micro-rheology of complex fluids (polymer solutions, 7 suspensions of rod-like particles or granular gases) [2] [3] [4] [5] [6] . A special kind of particulate 8 suspensions for which diffusion has also been studied are field-driven colloids, suspensions of 9 polarizable particles dispersed in a liquid carrier which undergo changes of their mechanical 10 properties in the presence of external fields [7] [8] [9] [10] [11] [12] . Examples of these smart materials are configurations. In the particular case of a magnetic field applied in the direction perpendicular 19 to the walls which confine the sample -for example, in plate-plate or cone-plate geometries-20 the magnetic aggregates span the gap between the geometry walls, hindering the rotation of 21 the upper plate/cone upon the application of a given stress. Nevertheless, there is a threshold 22 value of the stress, also known as the yield stress, for which these structures are broken, losing 23 contact with the walls, so that a practical onset of the flow takes place. Such behavior is 24 reminiscent of the Bingham plastic behavior, the yield stress being an increasing function of 25 the magnetic field [13] . On the other hand, when the magnetic field is oriented parallel to the 26 geometry walls -e.g., cylindrical Couette geometry or pressure-driven flows using coaxial However, and to the best of our knowledge, the effect of rotational diffusion on the 37 yield stress has only been studied in the case of conventional MR fluids, that is, suspensions 38 consisting solely of micron-sized ferromagnetic particles. However, in the last decades a 39 number of methods to enhance the applicability of MR fluids -i.e., increasing the suspension 40 stability and the field-induced yield stress-have been described. One effective way to 41 improve stability is the use of nonmagnetic -i.e., diamagnetic-particles in the formulation, 42 such as clay, polymeric or silica particles [20] . Due to their lower density they contribute to a particles and hollow glass beads [22] . However simulations in a monolayer of particles did 4 not confirm the experimental trends. The authors themselves stated that a mechanistic 5 explanation was still lacking [22] . In a second work, new simulations suggested that the 6 nonmagnetic particles increased the size of the field-induced clusters [23] .
7
In a previous work we showed that the enhancement of the MR effect in bi-component 8 suspensions could be attributed to a change in the magnetic properties of the suspension when 9 iron particles -approx. 1 µm in size-adsorbed onto a layer around poly(methylmethacrylate),
10
PMMA, spheres -of approx.10 µm of diameter. Indeed, simulations showed that suspensions 11 of such nonmagnetic-core-magnetic-shell composites would develop higher magnetic 
16
In this work we deal with bi-component suspensions in which adhesion between
17
PMMA and iron particles is avoided by the use of a surfactant, but still, a strong enhancement 18 of the MR effect appears. Therefore, in the present case, the explanation to the improvement 
II. MATERIALS AND METHODS

29
We used spherical carbonyl iron particles (BASF, HS quality) and PMMA spheres 30 (Microbeads, Spheromers10) as magnetic and nonmagnetic particles respectively. Particle 31 diameters were 1.0 ± 0.7 μm and 9.9 ± 0.4 μm respectively. In order to hinder adsorption of 32 iron particles around PMMA spheres we first dispersed appropriate amounts of iron powder in 33 silicone oil (VWR International, Rhodorsil 47V500, dynamic viscosity at 25 °C is 480 mPa·s)
34
followed by the addition of aluminum stearate (Sigma Aldrich, technical grade), under 35 vigorous mechanical stirring. We continued stirring for several hours to promote stearate 36 adsorption onto iron, and finally added PMMA powder in appropriate amounts. The volume 37 fraction of iron, Φ m , was 10 vol % for the four prepared samples. The volume fraction of 38 PMMA, Φ n , ranged from 0 to 30 vol %. All the samples were degasified under vacuum for 15 39 minutes prior to rheological measurements.
40
Microscopic observations upon magnetic field application of diluted samples, prepared 41 as described above, were conducted by placing an optical microscope between two Helmholtz 42 coils that applied a homogeneous magnetic field parallel to the surfaces that confined the The rheological measurements were conducted by using a controlled-stress rotational 14 At the end of stage (iv), the magnetic field was again readjusted to 6 kA/m, and stage (ii) was 15 repeated before a new shear rate ramp at a different -increasing-magnetic field was started.
16
Note that a magnetic field of, at least, 6 kA/m was maintained during the whole process to 17 reduce particle settling. the end of (iii).
27
III. EXPERIMENTAL RESULTS
28
First of all, and to discard the formation of nonmagnetic-core-magnetic-shell A magnetic field of approx. 10 kA/m was applied in the direction indicated by the arrow; the bar length corresponds to 50 µm. PMMA particles (white spheres of 10 µm) appeared uncoated and separated from the iron chains. This situation was different to that observed in the inset for a suspension in which aluminum stearate had not been added to the suspension and in which adsorption of iron particles around PMMA particles took place with the formation of nonmagnetic-coremagnetic-shell composites. The picture from the inset is taken from ref.
[25] and the bar length is 10 µm.
FIG. 2.
Hysteresis loops for all the suspensions. The concentration of iron particles was 10 vol % while the volume fraction of PMMA particles ranged from 0 to 30 vol %. All the curves were superimposed and therefore, there were no remarkable differences in the suspension magnetic permeability of the samples, calculated from the ascent branch of the inset.
However, and despite having removed the influence of an enhanced suspension 3 permeability, we observed a strong enhancement of the MR effect, which seemed to be 4 especially important in cylindrical Couette geometry. More specifically, the shear stress in the 5 flow curves -shear stress σ vs. shear rate γ& -at given values of the external magnetic field 6 and γ& , was higher when nonmagnetic particles were included in the formulation for both Couette geometry. The collision contribution to the rotary diffusivity α 2 is thus more important in the second 8 case.
9
To be precise, the differences between the increments of the yield stress for both 10 geometries became more accentuated when the PMMA volume fraction increased. Indeed, the
11
Couette yield stress increment of the sample without PMMA was almost superimposed to the 12 equivalent plate-plate one, whereas the yield stress increment of the sample with 30 vol % 13 PMMA was much higher for cylindrical Couette geometry - Fig. 5 . However, we must keep in 14 mind that because of the differences in geometry, the demagnetizing field opposed by the 15 sample was different for the cylindrical Couette and the plate-plate systems. In the Couette 16 geometry the height-to-gap ratio was very large and, as a result, the demagnetizing field along 17 the rheometer axis was negligible. Consequently the field inside the sample, the so-called 18 internal field, H, was almost equal to the external one H≈H 0. On the other hand, in plate-plate 19 rheometry, the ratio of the gap height to the plate diameter was small and the resulting 20 demagnetizing field was higher. Estimations of the internal magnetic field using Eq. (A1)
21
show that for the sample without PMMA, the MR effect in plate-plate geometry was 22 considerably higher than in the case of cylindrical Couette. However, the differences between (plate-plate)? In this section, we shall first give a qualitative answer to both questions,
13
followed by the development of a theoretical model to provide a more quantitative 14 interpretation.
15
Regarding question (a) we must keep in mind that whatever the composition of the 16 suspension-i .e. with or without nonmagnetic particles-the dynamic yield stress arises from 17 hydrodynamic dissipation on the field-induced particle aggregates upon shear [13, 15] . In in Fig. 1 . Clearly, the collision rate, and consequently, the rotary diffusivity of the aggregates,
11
should be a growing function of the volume fraction of nonmagnetic particles, Φ n . When Φ n 12 increases, fluctuations of the aggregate orientation become stronger and two effects take The axes of the Cartesian reference frame, "1", "2" and "3", are oriented along the fluid 18 velocity, the velocity gradient and the vorticity respectively. The aggregate orientation is 19 described by a unit vector e, oriented along the aggregate major axis. The orientation 
24
As mentioned above, misalignments of a given aggregate from its equilibrium The neighboring aggregates moving around a given aggregate induce some stochastic of the interaction torque, we need to introduce a dimensionless correction factor α 1 into Eq.
28
(2) which describes the intensity of the stochastic magnetic interactions between aggregates 29 and which will be taken as an adjustable parameter.
30
Note that the aggregates can be destroyed by tensile hydrodynamic forces once they 
The first term of Eq. (1) (Fig. 6(a) ) or 2 1 h = for the field oriented along 7 the velocity gradient (Fig. 6(b) ).
8
The last reduces to the following system of algebraic equations for the steady state e e e e e e e e ≡ , and 10 using expressions (3) and (4) for the form-factor β and the rotary diffusivity respectively: 2  2  2  11  22  33  12  2  2  2  2 , , , 2  2  11  22  33  12  3  3  3  3 , , , along the vorticity (Fig. 6(a) ).
18
It is important to remark that, due to the fact that the rotary diffusivity D r is linear in 19 the shear rate (Eq. (4)) and the form-factor β is inversely proportional to the shear rate (Eq.
20
(3)), the shear rate vanishes from equations (6) describing the statistical moments at the 21 steady-state condition; the orientation distribution is therefore independent of shear rate, at predicting an angle between the aggregates and the flow independent of shear rate [15, 32] .
25
The system of Eq. (6) along the vorticity (in cylindrical Couette geometry) (Fig. 7(a) ), as compared to the case of 8 the field oriented along the velocity gradient (plate-plate geometry) (Fig. 7(b) ). This should 9 contribute to a more pronounced effect of the nonmagnetic particle content, Φ n , on the stress 10 level in Couette geometry. , appear to be independent of the shear rate, at least in the limit of long aggregates, (Fig. 4(a) ). Such a behavior can be explained by a similar sub-linear field 6 dependency of the magnetic force f m , as inferred from finite element method simulations. This 7 effect is not observed in the plate-plate geometry at the same range of magnetic fields ( Fig.   8   4(b) ). This is likely because the magnetic component of the yield stress (second term in Eq.
9
(8), proportional to H 2 ) is more important in this particular geometry than in cylindrical
10
Couette geometry, and masks the sub-linear trend of f m .
11
As expected, the theory predicts an increase of the yield stress increment with the Couette geometry, which explains the stronger effect of the PMMA addition in this case.
21
The effect of adding nonmagnetic particles on the suspension rheology can be better 
7
Finally note that, despite its simplicity, the present model captures the enhancement of orientation that increases with the volume fraction of nonmagnetic particles. This process 6 contributes to augment the total level of stress in the suspension and therefore, the MR effect.
We have shown that in cylindrical Couette geometry, this mechanism is predominant in 8 comparison to the case of plate-plate geometry, in which it plays a minor role. As a result, the 9 improvement of the MR effect in bi-component suspensions is more noticeable for cylindrical 10 Couette geometry, in agreement with experiments.
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APPENDIX. RELATIONSHIP BETWEEN THE INTERNAL, H, AND THE
18
EXTERNAL, H 0 , MAGNETIC FIELDS
19
In the case of the magnetic field oriented along the vorticity (cylindrical Couette 20 geometry, Fig. 6(a) ), the internal field is equal to the external applied magnetic field H 0 . In the 21 case of the magnetic field perpendicular to the walls (plate-plate geometry, Fig. 6(b) ), the 
